In the cochlear nucleus (CN), the first central relay of the auditory pathway, the survival of neurons during the first weeks after birth depends on afferent innervation from the cochlea. Although input-dependent neuron survival has been extensively studied in the CN, neurogenesis has not been evaluated as a possible mechanism of postnatal plasticity. Here we show that new neurons are born in the CN during the critical period of postnatal plasticity. Coincidently, we found a population of neural progenitor cells that are controlled by a complex interplay of Wnt, Notch, and TGFβ/BMP signaling, in which low levels of TGFβ/BMP signaling are permissive for progenitor proliferation that is promoted by Wnt and Notch activation. We further show that cells with activated Wnt signaling reside in the CN and that these cells have high propensity for neurosphere formation. Cochlear ablation resulted in diminishment of progenitors and Wnt/β-cateninactive cells, suggesting that the neonatal CN maintains an afferent innervation-dependent population of progenitor cells that display active canonical Wnt signaling.
Edited by A. J. Hudspeth, Howard Hughes Medical Institute, New York, NY, and approved July 22, 2013 (received for review April 19, 2013) In the cochlear nucleus (CN), the first central relay of the auditory pathway, the survival of neurons during the first weeks after birth depends on afferent innervation from the cochlea. Although input-dependent neuron survival has been extensively studied in the CN, neurogenesis has not been evaluated as a possible mechanism of postnatal plasticity. Here we show that new neurons are born in the CN during the critical period of postnatal plasticity. Coincidently, we found a population of neural progenitor cells that are controlled by a complex interplay of Wnt, Notch, and TGFβ/BMP signaling, in which low levels of TGFβ/BMP signaling are permissive for progenitor proliferation that is promoted by Wnt and Notch activation. We further show that cells with activated Wnt signaling reside in the CN and that these cells have high propensity for neurosphere formation. Cochlear ablation resulted in diminishment of progenitors and Wnt/β-cateninactive cells, suggesting that the neonatal CN maintains an afferent innervation-dependent population of progenitor cells that display active canonical Wnt signaling.
T he cochlear nucleus (CN) shelters the second echelon of neurons along the auditory pathway. It is located in the brainstem, in close vicinity to the inferior cerebellar peduncles, and it consists of three distinct subdivisions: dorsal, antero-ventral, and postero-ventral (SI Appendix, Fig. S1 A-C). The auditory nerve enters the CN between the anterior and posterior sections of the ventral part and its fibers connect to all three subdivisions in a tonotopic manner (1) .
A series of elegant experiments conducted in a variety of species have shown that the auditory system, like most other sensory systems, features a critical period in which afferent input dramatically affects the postnatal development of central structures (2) (3) (4) (5) (6) . Deafferentiation from the cochlear input during this period results in massive neuron death in the CN, whereas loss of afferent input in older animals generally has no effect on neuron survival. The concept of critical periods, where neural connectivity dramatically affects the postnatal development of the CNS has a long history, and has been investigated in many sensory systems (7, 8) . Most investigations of transient postnatal CNS plasticity were directed toward characterizing input-dependent neuronal survival and connectivity, and recent molecular studies are beginning to unravel the genes responsible for these processes (9) (10) (11) (12) . Neurogenesis, however, has not been thoroughly investigated during the critical period. Previous studies using tritiated thymidine showed that cell birth in the CN mainly occurs during three distinct prenatal time periods [embryonic day (E) 10.5-E11, E12-E13, and E14-E15] (13). Nevertheless, the same study also reported a prolonged low-level period of cell birth that begins in the perinatal period and continues through postnatal day (P) 14.5, which was attributed to newly born glial cells.
Here we show that new neurons are being born during the critical period of the mouse CN. We further demonstrate that the CN harbors a transient population of neural progenitor cells, whose proliferative potential is controlled by the interplay of Wnt/ β-catenin, Notch, and TGFβ/BMP signaling. Interestingly, these neural progenitor cells are dependent on afferent innervation and they are vulnerable, similar to differentiated CN neurons, to afferent deprivation.
Results
Neurogenesis in the Postnatal CN. To mark newly born cells in the CN, we administered the thymidine analog 5-ethyl-2′-deoxyuridine (EdU) at specific postnatal days and analyzed cryosections after specified time points for cells that had incorporated EdU. We distinguished the central regions of all three CN subdivisions, as well as the superficial granule cell layer (Fig. 1A) . We found EdU-positive cells in the granule cell layer and in central regions of the CN at all postnatal time points investigated ( Fig. 1 A′, A″, and B). Postnatally born neurons, which were identified by the nuclear marker forkhead box 3 (Fox3 or "neuronal nuclei", NeuN) (14, 15) , were most abundantly labeled directly after birth (P3-P30), ranging between 3.5 ± 2.3% in the dorsal CN, 5.0 ± 4.6% in the postero-ventral CN, and 6.7 ± 0.3% in the antero-ventral CN (mean ± SD; SI Appendix, Table S1 ). In the granule cell layer, neurogenesis was the highest at P3-P30 (13.9 ± 6.1%), declining to 3.25 ± 1.12% at P21-P30, but still detectable at P30-P60 with 1.0 ± 0.4%). In the central regions of the CN, the number of EdU-positive neurons declined to 2.8-3.5% at P7-P30, and at P14-P30 to 1.7 ± 0.6% for the dorsal CN, 2.2 ± 0.4% for the postero-ventral CN, and 0.1 ± 0.1% for the antero-ventral CN. Neurogenesis never completely ceased in all central subdivisions of the CN, but became much less robust at P21-P30 and barely detectable at P30-P60 (SI Appendix, Table S1 ).
The typical layering of the dorsal CN, which can be seen in histological stainings (SI Appendix, Fig. S1 B and C), was not clearly visible with NeuN immunohistochemistry. This layering is
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caused by small ovoid granule cells and by abundance of cell bodies of many other important neurons (16) . Granule cells can be specifically labeled with antibodies to Pax6 (17) and we confirmed that Pax6 immunostaining revealed the typical layering in the dorsal CN (SI Appendix, Fig. S1D ). To ascertain that neurogenesis is not exclusively associated with granule cell domains, we analyzed Pax6-expressing cells after providing EdU from P1-P3 and quantification at P30 (Fig. 1C) . In the granule cell layer and in the dorsal CN, the fraction of EdU-positive cells that also were Pax6-positive was 79.1 ± 18.1% and 56.6 ± 13.7% respectively (mean ± SD; SI Appendix, Table S2 ). In the central regions of the ventral CN, however, the fraction of EdU-positive cells that coexpressed Pax6 was only 9.3 ± 5.9% for the posteroventral and 7.2 ± 3.4% for the antero-ventral CN. From this data, we conclude that the majority of newly generated neurons in the granule cell layer are granule cells, which is not surprising as this region is defined by abundance of these small-bodied cells. In the central region of the dorsal CN, which harbors more Pax6-expressing granule cells than the central regions of the ventral CN, we also found substantial neurogenesis of granule cells. In the central regions of the ventral CN, which do not contain many granule cells, we found that the majority of EdUlabeled neurons cannot be associated with granule cells because Pax6/EdU double labeled neurons are rare in these regions, and about 10 times more NeuN/EdU double labeled neurons are present. We conclude that these neurons must be of other neuronal subtypes, which are more abundant than the small granule cells in these regions.
Overall, these results confirm previous findings that cells are born postnatally in the CN (13), but they extend previous findings by demonstrating that not only nonneuronal cells but also neurons are being generated.
The CN Harbors a Transient Postnatal Niche for Sphere-Forming and Self-Renewing Progenitor Cells. The occurrence of postnatal neurogenesis confirms recent observations of neural progenitor cells in the CN identified by neurosphere assays (18) (19) (20) . We also readily observed sphere formation from all three CN subdivisions when tested at P2, although the dorsal subdivision contained significantly fewer cells with this ability (Fig. 1D ). For all of the following experiments, we did not distinguish particular subdivisions and we used whole cochlear nuclei.
To test whether the neurosphere-forming cells can be clonally expanded, one of the hallmark features of self-renewing stem or progenitor cells (21), we performed limited dilution experiments with flow cytometry-confirmed single cell populations, and we found that isolated progenitor cells were able to give rise to individual spheres (1.3 ± 0.9 spheres per 96 wells at 0.5 cell/well density and 3.2 ± 1.9 spheres per 96 wells at 1.0 cell per well density, n = 3 with 384-576 wells tested per data point). Individual neurospheres were dissociated every 5 d and replated at low density, which resulted in formation of new spheres with a frequency of 3.2-6.5 per generation, ensuing in a more than 10 6 -fold increase of the original population after 10 generations (Fig. 1E ). These proliferation rates were consistent over time, and cultures for longer than four months (>24 generations) still showed steady increase of neurosphere numbers. When we added 5-bromo-2′-deoxyuridine (BrdU) during the first 48 h of a passaging cycle, we found that 82 ± 4% (n = 3) of the cells incorporated the thymidine analog (SI Appendix, Fig. S2A ). BrdU exposure for longer than 48 h was detrimental to sphere formation. Compared with other regions of the postnatal brain that harbor progenitor cells, we found that at P3, the CN harbors three times as many neurosphere-forming cells as the forebrain subventricular zone, and almost twice as many progenitor cells as the olfactory bulb (Fig. 1F) . Spheres derived from the CN, the subventricular zone, and the olfactory bulb were of consistent neurosphere morphology (SI Appendix, Fig. S2 B and C) and substantially larger than cell clusters obtained from cerebellum and spinal cord. We were unable to expand the cell clusters from cerebellum and spinal cord.
The CN displays a critical period, particularly a dependence on cochlear innervation at ages up to P12 in mice (6) . The end of this period coincides with the onset of hearing. We investigated whether the capacity for sphere formation changes during neonatal maturation, and we found a dramatic drop in the number of sphere forming cells during the second postnatal week (Fig.  1G) . With the onset of hearing, sphere formation dropped to below 10% of the maximum value observed at P2, and we rarely found sphere forming cells at P20 and thereafter. These data confirm a recent study that reported similar observations (18) .
CN Sphere Cells Are Neural Progenitors. A hallmark feature of neural progenitors is their capacity to differentiate into neurons and glial cell types (21, 22) . We initiated differentiation of sphere cells by culturing attached spheres in serum-free medium with the neurotrophins brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and leukemia inhibitory factor (LIF). When tested immediately after attaching, before the differentiation phase, the majority of sphere cells (94.4 ± 4.2%, n = 4) expressed the intermediate filament protein nestin, a neural progenitor marker ( Fig. 2A and SI Appendix, Table S3 ). After 10 d in differentiation medium, nestin was down-regulated (27.2 ± 6.5% of the total cells, n = 4), and the cells expressed marker proteins indicative of neurons [microtubule-associated protein 2 (MAP-2), Fig. 2B ], oligodendrocytes [oligodendrocyte marker O4 (O4), Fig. 2C ], and astrocytes [glial fibrillary acidic protein (GFAP), Fig. 2D ]. All three differentiated cell types were generated from cells that went through S-phase, revealed by BrdU incorporation (Fig. 2 E-G) .
To demonstrate that sphere cells represent a distinct state that is different from the complex and heterogeneous CN and also from sphere-derived differentiated cells, we conducted quantitative comparison of mRNA expression with native CN tissue, primary spheres, fifth-generation spheres, and differentiated sphere cells. There were significant differences between different groups; for example, 2,185 up-and 2,211 down-regulated genes at P < 0.01 when comparing primary spheres with CN tissue. The least degree of difference was recognized between primary and fifth-generation spheres, which indicates that the gene expression does not dramatically change even after multiple passages (SI Appendix, Fig. S3 ).
A Subpopulation of CN Cells Display Active Wnt/β-Catenin Signaling
That Is Predictive of Their Proliferative Properties. The canonical Wnt signaling pathway has been implicated in maintaining stem cell features in embryonic, neural, and nonneural stem cell populations (23) (24) (25) (26) . We used heterozygous Axin2-lacZ reporter mice to visualize cells in the CN that display active Wnt/β-catenin signaling, indicated by β-galactosidase (β-gal) expression, driven by an Axin2 promoter (27, 28) . We found that dispersed cells in the central zones of the CN expressed β-gal (SI Appendix, Fig.  S4A ). Using 3-carboxyumbelliferyl β-D-galactopyranoside (CUG), a β-gal substrate that is converted into a fluorescent product, we were able to isolate CN cells that expressed high levels of the reporter enzyme with flow cytometry (29) (SI Appendix, Fig.  S4B ). Cells that expressed high levels of the reporter (Axin2-high) and cells that expressed low levels (Axin2-low) were subjected to the neurosphere formation assay. We found that Axin2-high cells have significantly higher capacity to form neurospheres than Axin2-low or ungated cells (Fig. 3A) . This difference was also clearly evident when comparing second-generation sphere formation, which was ∼2.5-fold higher in the Axin2-high population compared with neurospheres derived from Axin2-low or ungated cells (Fig. 3B) . Interestingly, all neurospheres generated from Axin2-lacZ mice displayed strong β-gal activity (100%, n = 3), even the spheres generated from Axin2-low or unsorted cells (both 100%, n = 3; wild-type control spheres: 0%). Mixing of Axin2-lacZ and wild-type-derived CN cell suspensions (1:1) at concentrations of 1 cell per μl, followed by incubation for 5-7 d, led to spheres that after staining with X-gal for β-gal activity were either dark blue or unstained, further supporting the interpretation that spheres were derived from single cells (SI Appendix, Fig. S4C ). In summary, these results showed that sphere formation was always accompanied by activation of the Wnt pathway, leading to Axin2-lacZ expression. This observation raised the question of whether manipulations of Wnt/β-catenin signaling would affect the ability of CN cells to generate neurospheres.
Wnt, Notch, and BMP Signaling Affect Neurosphere Formation. We tested the effects of multiple signaling pathways by adding soluble activators or inhibitors to CN cell suspensions plated at low densities. The pathways were selected based on the Axin2-high population results (Fig. 3 A and B) and on microarray mRNA expression analyses that revealed notable changes in CN-derived neurospheres compared with CN tissue in the expression of candidates for Wnt, Notch, and TGFβ/BMP signaling (SI Appendix, Tables S5-S7 and Fig. S5 A-C) .
Promotion of canonical Wnt signaling using R-spondin 1 resulted in a significant 1.4-fold increase of neurosphere formation, whereas inhibition of Wnt signaling with dickkopf homolog 1 (Dkk1) suppressed neurosphere formation by about 40% (Fig. 3C) . Sphere formation was significantly suppressed in the presence of either Notch signaling inhibitor N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenylglycine-1,1-dimethylethyl ester (DAPT) or MDL-28170, whereas adding soluble isoforms of the Notch ligands Jagged1 or Delta1 did not affect the formation of neurospheres. When we treated CN cell suspensions with bone morphogenetic protein 2 (BMP2) or BMP4, we completely inhibited sphere formation and only detected a few small, attached colonies, but no floating spheres (Fig. 3C) . Conversely, noggin and TGF-β signaling antagonists LY-364947 and SB-431542 resulted in significantly higher yields of spheres. Low levels or absence of BMP signaling appeared to be permissive for sphere formation.
Coinciding with active signaling and a more progenitor celllike status, compared with the CN tissue, we found up-regulation in neurospheres of transcripts for many signaling proteins, developmental genes, as well as some transcription factors such as (sex determining region Y)-box 2 (Sox2), which is typically found in stem/progenitor cells (SI Appendix, Fig. S5D and Table S3 ). Conversely, many of the most down-regulated genes encoded proteins such as structural neuronal and glial proteins, which are indicative of a more differentiated state (Appendix, Fig. S5D and Table S4 ).
Overall, the gene-expression analysis and the manipulation of individual signaling pathways revealed that CN-derived sphere forming progenitor cells are responsive to multiple interacting pathways including Wnt, Notch, and TGF-β/BMP signaling. Epidermal growth factor (EGF), insulin-like growth factor 1 (IGF1), and basic fibroblast growth factor (FGF), which are present in the neurosphere growth medium, also appeared to play a role in evoking proliferative response. For example, SU-5402, a potent inhibitor of FGF signaling, was able to significantly suppress sphere formation to a similar extent as BMP2/4 treatment (Fig. 3C) .
Neurosphere Formation Depends on Afferent Innervation from the Cochlea. Previous studies have shown that removal of afferent input to the CN during the critical period resulted in substantial neuron death, reaching over 50% loss of neurons in the anteroventral CN (3, 4) . We were curious whether cochlear removal results not only in neuronal death, but also in a decrease of neural progenitor cells. Afferent input was abolished by bilateral cochlear removal at P3 and P5, and neurosphere formation was assessed 48 h and 96 h later. When the cochleae were removed at P5, we found that, 48 h later, neurosphere formation was reduced by 55% (Fig. 4A) . Afferent deprivation at P3 resulted in reduction of neurospheres by 55% after 48 h and 71% after 96 h (Fig. 4B) . These results indicate that the ability of the neonatal mouse CN to maintain a resident population of neural progenitor cells during the critical period of postnatal development is dependent on afferent input. Vivo. Because Axin2-high cells indicative of active Wnt/β-catenin signaling showed significantly higher propensity for sphere formation than Axin2-low cells (Fig. 3A) , we quantitatively assessed the Axin2-high population in the CN in input deprived animals. Bilateral cochlear ablation was performed at P3 in Axin2-lacZ reporter mice, and the CN was removed and subjected to flow cytometric analysis at P5. We found that in mock surgery control animals 8.4 ± 0.4% of all CN cells were Axin2-high. The cochlear nuclei of animals whose cochleae were ablated at P3, however, harbored only 3.5 ± 0.7% Axin2-high cells (Fig. 4C) . Cochlear removal therefore leads to a significant reduction of cells with active Wnt/β-catenin signaling in the CN.
In view of the fact that Wnt/β-catenin signaling has been linked to cells with stem/progenitor features (23-26), we tested whether cells with active Wnt/β-catenin signaling at P3 would give rise to newly formed neurons. We used Axin2 wt/CreER2 / Rosa26 wt/mTmG mice for lineage tracing by activating Cre-mediated recombination in newborn mice that also received EdU injections to label S-phase-incorporated DNA. We found contribution of Axin2-expressing cells to newly generated NeuNpositive neurons at P7 and P14 (Fig. 4 D and E and SI Appendix, Table S8 ), indicating that cells with active Wnt/β-catenin signaling are contributing to neurogenesis in the postnatal CN.
Discussion
The auditory system, like many other sensory systems, displays a transient neonatal period of high plasticity. Input-dependent changes during this critical period have dramatic effects in the CN, which manifests in differences in neuron numbers, growth of fibers, and establishment of synaptic contacts (3, 4, 30) . Although some plastic changes also occur in the adult CN after afferent deprivation (31, 32) , the most dramatic effects occur during the critical period that in mice extends from birth until the second week of life (6) . Despite many studies of neuron loss, as well as an extensive study of changes in global gene expression during the critical period in the afferent deprived CN (10), no in-depth studies that focus on the mechanisms that bestow plasticity have been conducted in the auditory brainstem.
Here, we focused on neurogenesis in the neonatal CN. Our results confirm previous observations that many nonneuronal cells are born during the first two postnatal weeks (13) . Nevertheless, we also found NeuN-positive newborn neurons in all CN subdivisions that were born during the first two postnatal weeks and to a lesser extent even after P30. The newborn cells belong to different subclasses of CN neurons and were not exclusively associated with one subtype, such as immunologically and histologically identifiable granule cells. Although the marker NeuN labels the vast majority of neurons in the CN, a few large neurons in the dorsal CN are NeuN-negative (14) , which suggests that we might even underestimate the number of newborn neurons in the dorsal part of the CN. Overall, the finding of newly generated neurons combined with recent observations that the neonatal CN harbors cells with progenitor features (18) (19) (20) spurred our interest to investigate the characteristics of CN neural progenitor cells.
The robust but transient propensity of CN-derived cells to form neurospheres coincides with the previously reported critical period for input-dependent neuronal survival from birth until around P12 (6) and it extends this period into the young adult. During this critical period, the neural progenitors that reside in the CN are able to give rise to glial cell types as well as neurons, which classify them as multipotent. Sustained propagation of clonally derived CN neurospheres and relative stability of the transcriptome over five generations are indications that CNderived progenitor cells have stem cell characteristics. We refrain from calling them stem cells because they seem to be a transient cell population that is involved in neonatal CNS plasticity rather than a population with regenerative potential.
We used Axin2-lacZ reporter mice to determine that the capability for neurosphere formation is enriched in cells that express high levels of β-gal. This observation and the finding that all neurospheres that formed were strongly β-gal-positive, despite their original level of Axin2-lacZ expression, is an indication that the canonical Wnt signaling pathway is active and turned on during CN progenitor cell proliferation. Wnt-signaling has been put forward as a potent extracellular signal implicated in controlling different types of stem/progenitor cells (23, 24, 26) , and we found that Axin2-lacZ-driven β-gal reporter gene expression was readily detectable in a subset of CN cells. Albeit circumstantial, this observation indicates that Wnt/β-catenin signaling might play a role in maintaining a transient niche for neural progenitor cells in the neonatal CN.
Wnt is not the only extracellular signal that plays important roles in controlling CNS stem and progenitor cells. Notch and TGFβ/BMP signaling, for example, have both been implicated in neuro-and gliogenesis from CNS neural stem cells (33, 34) . Our microarray mRNA expression study revealed significant changes in Wnt, Notch, and TGFβ/BMP pathway-associated genes between native CN tissue and nucleus-derived neurospheres, which led us to explore the effects of known mediators of all three signaling pathways on sphere formation. Interestingly, blockade of Wnt and Notch signaling resulted in significant reduction of neurosphere formation, whereas interference with TGFβ signaling led to an increase of the numbers of spheres. Conversely, activation of Wnt signaling with the coeffector R-spondin1 increased neurosphere formation, whereas Notch-activating ligands did not affect sphere numbers. Treatment with BMP2 and BMP4 completely inhibited the formation of neurospheres. These results suggest a complex interplay between the three signaling pathways. Low levels of TGFβ/BMP signaling seem to be permissive for sphere formation, which itself is promoted by activation of Wnt and Notch signaling. In this respect, it is important to note that the growth medium used contains EGF, IGF1, and basic FGF as part of a commonly used mixture of factors that promote neurosphere formation (21, 35) . Particularly, interplay between FGF-induced suppression of BMPs, which often antagonize during embryonic development (36, 37) , might play a role in promoting neurosphere formation from CN cells. This hypothesis is supported by our observation that inhibition of FGF signaling virtually abolished neurosphere formation.
Beside local signaling molecules, target-derived factors often play important roles in controlling plasticity in the CNS (38, 39) . Likewise, electrical activity arising in the periphery has been implicated in affecting the development of the central auditory system (40, 41) . To establish a link between afferent input and CN progenitor cells, we completely abolished afferent inputs by bilateral cochlear removal. We found that deprivation of afferent input resulted in 50-70% reduction of neurospheres, which suggests that maintenance of the CN progenitor cells, during the critical period, depends on afferent innervation from the sensory periphery. Likewise, the number of Axin2-high cells in the CN was significantly reduced to a similar degree, which implies that the aggregate loss of Wnt/β-catenin signaling and the decline of sphere formation might be causally linked. Finally, we established a lineage link in vivo between Axin2-expressing cells and newly born neurons, which shows that cells that receive active Wnt/β-catenin signaling in the neonatal CN are progenitors for neurons during the critical period of CN plasticity.
In summary, it is important to note that not only neuronal survival, but also the ability of neural progenitors to proliferate critically depend on afferent innervation during the first two postnatal weeks. The target-derived signals responsible for neuronal survival as well as for maintenance of the progenitor cells and upkeep of Wnt/β-catenin signaling are linked by the fact that they are mediated by innervation, but the molecular nature of the signals might be different. With respect to maintaining a transient niche for progenitor cells, they appear to culminate in a complex scenario in which Wnt/β-catenin, Notch, and FGF signaling is required for progenitor cell proliferation and activation of TGFβ/BMP signaling strongly suppresses proliferation. The fact that multiple neuronal cell types are being generated in the granule cell layers and also in other regions of the CN suggests a potentially important functional role for afferent input-dependent neurogenesis, perhaps in strengthening of specific neural connections and pathways in the central regions of the CN. Our results, therefore, provide a framework for further investigation of the transient progenitor cell niche, which emerges as a likely player in the postnatal input-dependent plasticity in the CN.
Materials and Methods
BALB/c, heterozygous Axin2-lacZ reporter mice (27) , and Axin2 wt/CreER2 / Rosa26 wt/mTmG mice (42, 43) were used in this study. Microdissection, cell dissociation, flow cytometry, and sphere formation assays are described in SI Appendix. Details on EdU labeling and lineage tracing are provided in SI Appendix. Differentiation of sphere-derived cells and immunocyto-and immunohistochemistry, microarray analysis, as well as scanning electron microscopy is described in SI Appendix. Cochlear removal surgeries are described in SI Appendix. An institutional animal care and use committee approved vertebrate animal procedures according to the National Institutes of Health guidelines for animal care. Data are presented as mean values ± SD with the number of independent experiments (n) indicated. Statistical differences were determined with paired two-tailed t tests using Aabel (Gigawiz) or Excel (Microsoft); *P < 0.05, **P < 0.01, ***P < 0.001. Graphs were created using Aabel (Gigawiz).
